Effects of physical environment on plasma membrane semipermeability and osmotic induction of changes in aqueous cytoplasmic volume were studied in vegetative and spore cells of a plant pathogenic fungus, Fusarium sulphureum. A direct method, employing a spin probe molecule that partitioned between intracellular aqueous and hydrophobic phases, allowed measurement of reversible water movement out of macroconidial cells and chlamydospores exposed to solutions of high osmolarity. Equilibrium distribution of the spin probe between intracellular aqueous and lipid phases was more rapid than movement of water in and out of the cells. The extent of water removal was exponentially dependent on osmotic strength. Some cells became irreversibly permeable to divalent cations on treatment with sodium chloride above 1.5 osmolar but addition of sucrose to the suspension medium at equivalent osmolar concentrations caused water removal without adversely affecting the viability. Sucrose also protected the plasma membrane against damage during freeze-drying. Induction of plasma membrane damage by osmotic shock or freeze-drying permitted rapid permeation of nickel ions. Neither slow equilibration of intracellular components with divalent paramagnetic cations nor partial permeability of damaged plasma membranes to these ions was observed.
Cellular water content has been assessed in vivo with a spin probe method (3, 5) . In this procedure, cells are incubated with a paramagnetic probe which permeates the cell and partitions rapidly between intracellular aqueous and hydrophobic phases. Electron paramagnetic resonance signals from the extracellular probe are deliberately masked by broadening with a nonlethal concenration of a paramagnetic metal ion (Ni +) which cannot normally penetrate the plasma membrane (3) . The high field EPR2 signals arising from the probe located in aqueous and hydrophobic environments can be resolved readily, rapidly recorded, and quantitatively measured. In a population of vegetative cells or conidia, the ratio of water content to lipid content can be assessed at progressive stages of maturation or during osmotic treatment. The breakdown in selective permeability of plasma membranes to divalent cations, other solutes, and water can be followed during application of physical, osmotic, or chemical stress. A previous report illustrated the use of the spin probe method in assessing damage to the plasma membrane by surface active agents (5) .
Fusarium sulphureum and related fungal species belong to a group of Fungi Imperfecti which cause tuber and root diseases in various economically important crops. Macroconidia and chlamydospores are propagules important in dispersal and survival of the pathogens under adverse conditions. The formation of macroconidia by vegetative cells of Fusarium species is accompanied by ' Chemistry and Biology Research Institute Contribution 997. 2 Abbreviations: EPR: electron paramagnetic resonance; Tempone: 4- oxo-2,2,6,6-tetramethylpiperidinooxy. accumulation of storage lipids (8) including triglycerides and sterols. Fatty acid composition of triglycerides and phospholipids changes markedly during maturation of both macroconidia and chlamydospores (4) . The volume ratio of aqueous, cytoplasmic phases to storage lipid and membrane phases of the cells is dependent on the nutritional state of the cells and on temperature and growth stage-dependent synthesis and reutilization of lipids. In addiion to these long term shifts in the volume ratio of intracellular components, osmotically induced rapid movement of water and solutes across the plasma membrane may change the cellular water content without affecting lipid content. This study concerns relationships between relative volumes of aqueous cytoplasm and lipid phases and the viability of macroconidia as influenced by osmotic conditions and maturation time.
MATERIALS AND METHODS
Macroconidia with an average of 3.5 cells, chlamydospores and hyphae of F. sulphureum were prepared as previously described (1, 2, 4) and used immediately after washing with water. Some macroconidial preparations were stored at 0 C in an ice bath for up to 4 weeks. Maturation time of macroconidia was varied by allowing the sporulating mycelial mats to stand at 25 C for up to 30 days under fluorescent lights producing 25 x 103 erg/cm2. sec at the surface of the plates. Specified spore age refers to maturation time at 25 C. Duplicate plates were removed from the growth chamber at specified times and the macroconidia were labeled with Tempone.
Viability of macroconidia and chlamydospores was ascertained routinely by diluting suspensions to 25 or 50 propagules/ml (determined by direct count with a hemocytometer). Aliquots of the suspensions were evenly distributed over the surface of commercial (Difco) potato-dextrose agar in 90 Effect of NiCI2. Since both 0.23 M NiCl2 and 1 mm K3Fe(CN)6 were necessary for accurate determination of intracellular R values, effects of these compounds on viability and plasma membrane function were determined. Ten-min incubation in the NiCI2-labeling medium had no significant effect on germination of 3-dayold macroconidia or viable chlamydospores isolated 4 days after initiation of conversion (Table II) . Respiration rates of the cells as measured by O2 uptake due to oxidation of endogenous metabolites were not affected by 0.23 M NiCl2. Macroconidia recovered most of the aqueous signal lost on NaCl treatment for 10 to 20 min if resuspended in the NiCl2-labeling medium. Plasma membranes of chlamydospores were irreversibly damaged by this treatment.
Active transport of L-phenylalanine was not inhibited when macroconidia were treated for 10 min with NiC12 plus K3Fe(CN)6 in the labeling medium and then washed with water. When NiC12 (0.23 M) was included in the transport assay medium (5), 80%Yo of active accumulation of phenylalanine was inhibited but the cells remained viable. This concentration of NiCl2 may reversibly inhibit active transport but not irreversibly damage the cells or plasma membranes. Concentrations of NiCl2 of 0.15 and 0.25 M gave R values of 10.5 and 9.8, respectively, with 10-day-old conidia. This is consistent with a small osmotic effect of NiCl2 in the absence of concentration-dependent toxicity.
Intracellular Distribution of Tempone. Two min were required to add the probe to macroconidia, centrifuge (30 sec), pack the conidia into the sample capillary, and record the high field spectrum. Tempone-labeled conidia showed no detectable change in the ratio of aqueous and lipid signals for up to 1 hr after labeling in this way in the absence of added solutes. Equilibrium distribution of the probe between intracellular and extracellular phases was rapid compared with the osmotically induced movement of water which is described below.
Reduction of Spin Probe. Both lipid and aqueous EPR signals from labeled macroconidia declined at identical rates with a halftime of 30 min due to reduction of the label to a nonfree radical form in the absence of an extracellular oxidant. Provision of a nontoxic, external electron acceptor (1 mm ferricyanide ion) slowed rates of reduction of the label to allow accurate determination of R values at 23 C and higher temperatures. EPR spectra recorded two or three times by scanning the magnetic field from low to high field and vice versa gave a precise value for R under a given set of osmotic conditions. Chlamydospores did not reduce Tempone, probably due to suppression of oxidative metabolism in these spores.
Effects of Storage and Maturation. Macroconidia remained viable and gave a constant R value during storage unfrozen at 0 C. Chlamydospores deteriorated rapidly under these conditions as evidenced by an increase in permeability of the cell to NiCl2 and loss of viability. R values of 3-day-old macroconidia remained 3.5 the medium. After a 10-min exposure of viable cells much of the water loss at concentrations less than 1.5 osmolar NaCl was reversible (Fig. 4, curve 1 ). At concentrations above 2.9 osmolar, 35 to 40%o of the macroconidia became inviable (Table II) and did not recover to the initial R value on returning to a medium of strength 0.8 osmolar after exposure to NaCl. Thus, cell survival as measured by capacity of macroconidia to germinate correlates with reversibility of the salt-induced cellular water loss. Chlamydospores showed a loss of water similar to that observed with macroconidia (Fig. 4, curve 3) . In this case, survival was 5% after treatment with a 2.9 osmolar medium and reversibility of water loss was not observed.
On the basis of calculated osmolar concentrations, sucrose was more effective in reducing aqueous cytoplasmic volume than NaCl (Fig. 4, curve 4) , but viability was not adversely affected by sucrose. Plots of R against reciprocal osmolarity of sucrose should yield a straight line in the absence of active uptake of this neutral molecule and the slope of this plot would be proportional to the reflection coefficient of the solute as given by the Van't HoffBoyle reaction (7). S-shaped curves were obtained for both sucrose and NaCl when the data of Figure 4 were plotted in this manner and reflection coefficients could not be calculated. Caution must be used in the interpretation of this result and comparison of data obtained with NaCl and sucrose since reflection coefficients (7) are defined only for neutral species with no net charge. More NaCl probably entered the cells than sucrose since the salt was less effective in inducing water movement and was more toxic than sucrose.
Hyperfine splitting constants of Tempone located in the intracellular aqueous phase shifted slightly over the experimental range of salt concentrations reflecting an increase in viscosity with water removal (3). While the hyperfine splitting for the Tempone located in hydrophobic regions was 14.5 ± 0.2 gauss, that observed for the spin label in aqueous domains varied from 16.1 ± 0.2 gauss in a 0.8 osmolar medium to 15.8 ± 0.2 gauss in a 2.5 osmolar medium.
Effect of Freezing and Freeze-Drying. Slow freezing (5 min) of macroconidia in dry ice vapors had no effect on R values or germination, rapid freezing in a dry ice-acetone bath at -80 C reduced R from 4.4 to 2.3. Thirty per cent of the rapidly frozen macroconidia were inviable. All macroconidial cells which had been frozen slowly and then dried in vacuo became permeable to Ni2" and were killed unless a cryoprotectant was included in the freeze-dried mixture (Table III) to be negligible. Since macroconidial cells often are interconnected by septal pores (9) , this assumption is justified.
No significant effect on Ni2+ or ferricyanide ions on macroconidial germination was observed after treatment for 10 to 20 min in the labeling medium which contained NiCl2 (0.23 M) and K3Fe(CN)6 (I mM). When macroconidia were recovered from the mixture, active transport of L-phenylalanine was not impaired. These ions were nontoxic under the present conditions as judged by these experimental criteria. This may not be the case for other plant systems and the effects of the treatments should be investigated in each system. The question of whether rates of water movement are influenced in NiCl2-treated cells cannot be determined conclusively by the present method. Slightly lower Ni2+ concentrations had very little observed effect on R values.
Macroconidia allow an accurate estimate of the R parameter which is proportional, over short periods, to the aqueous volume bounded by intact plasma membranes which are impermeable to Ni2+. Decrease in this volume by movement of water out of the cells at high salt concentrations was reversible in a majority of the cells. However, 36% of the macroconidia became irreversibly permeable to Ni2+ and significant numbers (35-40%) failed to survive above 2.9 osmolar. While assessment of the viability of individual cells present in macroconidia or in chains of chlamydospores was not possible, the ability of the propagules to form at least one germ tube correlated with maintenance of R values.
Water movements in both macroconidia and chlamydospores in response to osmotic stress were complete in less than 15 min with half-times of 1 to 2 min. The low observed hydraulic conductivity of these cells may be due to the presence of relatively dense, chitin-containing cell walls. The thickness of the chlamydospore walls is three times that of the macroconidial cells. Equilibration of Tempone in all intracellular and extracellular phases required less than 2 min. A large proportion of the cytoplasmic water could be removed with sucrose without loss of viability or ability to recover normal water content. Appreciable amounts of NaCl appear to enter the cells since the dehydrating effect is less than that of sucrose.
Drying macroconidia in vacuo in sucrose was nondamaging but the same treatment in the absence of a cryoprotectant was lethal. BSA decreased viability of freeze-dried macroconidia and did not offer any protection against plasma membrane damage during freeze-drying.
Aging of macroconidial cells of F. sulphureum at 25 C slowly reduced the amount of Tempone partitioning into storage lipids but had no effect on Ni2+ permeability or viability. Macroconidia remained viable at 0 C in distilled H20 or at 25 C on potatodextrose agar, but increases in R values in the latter case suggested utilization of storage lipids. While hyphae in the log phase of growth exhibited R values of between 9 and 12, values for viable macroconidia varied between 3 and 30 depending on age after formation. Chlamydospores exhibited R values between 2 and 8 with the higher figure applying to cells that were 80 to 90% viable.
Loss of the intracellular aqueous Tempone EPR signals on aging of chlamydospores at 0 C or freeze-drying of unprotected macroconidia reflected the complete permeation of plasma membranes by nickel ions. The Tempone spin probe may be utilized to assess nutritional state and plasma membrane permeability as well as relative water and storage lipid volumes in conidial cells under appropriate conditions. The application of this method to determination ofthe effect offungicides having specific membrane target sites of action is under investigation.
